The present work deals with the development of low cost, appreciably accurate precision electronic circuit for resistive sensor where measurement of the incremental resistance change with high degree of accuracy is essential. A linear and sensitive active half bridge circuit requiring only few components for its hardware implementation has been proposed for measuring very small resistance change due to change in physical quantity or chemical analytes. Theory of the proposed active bridge circuit has been discussed and experimental results have been compared with conventional bridge circuit. Initial measurements are made with Pt-100 Strain gauge sensor but it can be extended to other resistive sensors of practical importance. Results show that the active bridge circuit is almost four times more sensitive than conventional half bridge circuit and two times more sensitive than full Wheatstone bridge circuit. Studies have also been made to analyze the errors due to ambient temperature, connecting lead resistance and dc excitation voltage. Experimental results show that output of the circuit has negligible effect on ambient temperature and connecting lead resistance. The error due to excitation voltage has been compensated using Artificial Neural Network (ANN) based inverse modeling technique.
Introduction
Resistive sensors are some of the most widely used sensors because of low cost, easy to fabricate, and interface with signal conditioning circuits. Some of the common physical parameters where resistive sensors used widely are temperature, strain, pressure, light intensity, fluid flow or mass flow and humidity [1] [2] [3] [4] . Metal oxide based sensors used for measuring environment polluting gases are also mostly based on resistive technique [4] . For measuring different physical and chemical parameters by resistive technique, the resistance value can vary from few fraction of ohm to several ohms to several hundred of ohms [2] [3] 5] . Measurement of resistance change of ohms to several hundred ohms is not much difficult but of small resistance change in presence of several non-ideal effects such as ambient temperature, electrical noise and OpAmp offset voltage may reduces the accuracy of measurement [3] significantly. Signal conditioning circuit involving resistive sensors should address the errors due to the nonlinearity associated with senor output [6] , the effect of ambient temperature [7, 8] , fluctuation of the dc excitation voltage [8, 9] , non-ideal OpAmp offset voltage [10] , connecting lead resistance [11] [12] [13] and noise signal [14] .
Wheatstone bridge technique is one of the most widely used signal conditioning circuits for measuring small resistance change and it is still used for different industrial process parameters. Figure 1 shows the four commonly used bridge configurations suitable for sensor applications and the corresponding equations which relate the bridge output voltage to the excitation voltage and the bridge resistance values. In each of the configurations, V s the excitation voltage, and R is the fixed value resistor in different arms chosen to be equal to the nominal value of the variable resistor(s). The deviation of the variable resistor(s) about the nominal value is proportional to the physical parameters to be measured, such as strain (in case of a strain gauge) or temperature (in case of resistance temperature detector). Among the four different configurations, the all-element varying bridge (Figure 1(d) ) produces maximum voltage output for a given resistance change and is inherently linear. Apart from linear output it has other advantages like, minimization of error due to self heating and the noise signal [7] . Major problem encountered in the bridge circuit is lower sensitivity due to very small change in resistance. Sensitivity can be improved by increasing the excitation voltage, which may results in power dissipation and the possibility of error due to sensor self heating. On the other hand, low value of excitation voltage requires more gain in the conditioning circuits which can increase error due to ambient temperature, non-ideal Op-Amp offset voltage and the sensitivity to noise [3] .
In the recent past an active bridge useful for direct measurement of in-circuit resistances has been proposed [1] . This system is self-balanced, capable of measuring resistors even in a production line. However, the shunt resistances appearing across the unknown resistance affect the accuracy and start loading the Op-Amp. Also, if the resistance change is only a fraction of ohm, the circuit is less sensitive and effect of offset voltage of the OpAmp causes significant measurement error. However, to improve the sensitivity, it requires high excitation voltage or large gain of the amplifier or elimination of non-ideal OpAmp offset voltage.
In the present work, a linear and sensitive active half bridge circuit based on the Wheatstone bridge has been proposed for measuring incremental resistance change of resistive sensor where change in resistive value due to physical quantity is very small. The proposed circuit is basically modification of conventional half bridge circuit. The modified bridge circuit has improved the sensitivity, in comparison to conventional half and full bridge circuit, significantly. The theory of the proposed electronics has been discussed and experimental results have been compared with conventional circuits. Studies are also made to analyze the errors due to ambient temperature and connecting leads for remotely located strain gauge sensor. It is evident from the experimental result that the circuit compensates effects of ambient temperature and lead resistance of the considered resistive sensor. However, the effect of input excitation variation has direct impact in the accuracy of measurement. The error due to excitation voltage has been compensated by adopting normalization technique [14] . The normalization technique compensates error due to excitation voltage variation but it fails to provide full compensation. Further compensation is made using ANN based soft computing technique. In the arm AB, a buffer is employed to provide isolation from the adjacent arm AD and to generate two identical 180˚ out of phase signal at A 1 and C respectively. phase opposition over wide frequency which promotes measurement of ac conductivity of the sensor over large signal frequency [17] .
Working of the Electronics
Application of Kirchhoff's Current Law (KCL) at node B and with simplifications, the output voltage V 1 is given by [2] 
Replacing R 4 by and R 1 by
After simplification, Equation (2) can be written as
Since, incremental resistance, ∆R is a smaller quantity, typically, varies 0.1% to 0.5% over entire range with respect to the nominal value of sensor resistance R [5] , 2 2
If the feedback resistance of the inverting adder amplifier is chosen to be equal to the nominal value of the sensor resistance, i.e. R 5 = R, then Equation (4) can be written as
The Equation (5) clearly shows that the sensitivity of the proposed bridge circuit is two times more than the conventional all-element varying bridge circuit of Replacing change in resistance due to strain by [7] f R G R  
where, f G is the gauge factor, R is the initial base resistance of the sensor and ε is the external strain, the voltage output of the detection circuit can be expressed as
Effect of Ambient Temperature
To analyze the effect of the ambient temperature, let ∆R(∆T) is the change is resistance due to ambient temperature. Since the strain gauges are of metallic, ∆R(∆T) will increase with increase in temperature. The voltage output of the signal conditioning circuit including the temperature effect can be written as
Thus due to differential form of the sensors arms in the active bridge circuit, the effect of ambient temperature is minimized.
Effect of Lead Resistance
Effects of lead resistance and its variation with ambient temperature is another source of error for resistive sensors particularly for metallic strain gauge [6] [7] [8] 15] . Most of the techniques involve analog compensation where the effect of lead resistance is compensated by subtraction operation.
In the proposed circuit, to study the error due to lead resistance of the sensors, let R l is the lead resistance of the sensors R 1 and R 4 respectively. The Equation (1) can be rewritten as
If 5 R R  and additional metallic resistance of value R l is added in series with R 5 , then Equation (15) can be written as
Considering 1 (a 100 ft copper wire can results the lead resistance of few ohms only [6] ), Equation (16) can be further approximated
Thus, voltage output of the signal conditioning circuit is directly related to the change in resistance of the sensor. However, additional lead resistance R l between B and P shown in Figure 2 (a) through which unbalanced detector current passes and converted into voltage signal by passing through a fixed metal film resistance. The lead resistance R l is in series with the fixed resistance and its effect will be negligible.
Effect of Bridge Excitation Fluctuation
It is observed in Equation (17) that the input dc excitation voltage of the bridge circuit has direct influence on the sensor output. Very recently, artificial neural network (ANN) based soft compensator has been proposed for correcting the effect of the excitation voltage fluctuation for strain gauge resistive pressure sensor [13] . ANN based technique is appeared to be powerful technique for minimizing the errors for different types of the sensors [13] . The technique proposed in [13] , the authors select the input voltage fluctuation of the order of 2 V or more which is impractical. Such wide variation of V s hardly occurs in practice. Also if the deviation is significant its compensation is not much difficult. In practice, the excitation voltage fluctuates within small value randomly unless there is serious error in the supply of the excitation voltage. In the present work, error due to input voltage fluctuation of ±15% of the input reference voltage (in this case 1 V) which is often the practical situation has been compensated by using normalization technique. The normalization technique involves dividing the sensor output with the input excitation voltage of the bridge circuit. This method is simple to implement but not accurate. Attempt has been made to utilize the ANN technique to compensate the error due to excitation voltage.
Experimental Methods and Results
To compare the proposed active bridge circuit, the experiments have been conducted both with conventional as well as active bridge circuit using metallic strain gauges of nominal resistance 120 Ω. The resistance for the metallic strain gauge when force is applied can vary only from 0.1% to 0.5% of its nominal value. The experiments where carried over for the weights of 0 gm to 1000 gm in the division of 200 gm.
The full bridge circuit used conventionally as shown in Figure 3 was hardware implemented on a bread board. Four matched FET input OpAmp OP-07 which has very small offset voltage and noise along with metal film resistances have been used [8] . The resistance values were matched with a digital multimeter (Keithley Model 2000) and equal values resistances as shown in figure were selected. The excitation voltage to the bridge circuit is dc taken from precision voltage regulator (REF01) was fixed at 2 V.
Here the voltage V 1 is given as
On applying both the voltage V 1 and V 2 into subtractor circuit with scaling factor of 10, the output voltage V 01 is given as Figure 4 shows the actual response V 0 of the circuit with the variation of the loads in gm. Voltage output of the circuit was noted for both increase and decrease in loads applied on the beam and average values of the output voltages are shown in figure. The response of the conditioning circuit with the variation of the load is linear. Experimental results for conventional half bridge circuit are also shown in Figure 4 (blue colour). It is observed that the response of the half bridge circuit is linear but its sensitivity with respect to full bridge circuit is almost half.
The sensitivity of the full bridge circuit is 0.015% while for half bridge circuit it is 0.08%. The sensitivity is defined as the percentage change in output voltage of the circuit to the reference voltage at zero loads to full scale applied loads.
To analyze the effectiveness of the active bridge circuit for increasing the sensitivity, the circuit shown in Figure 2 (b) has been hardware implemented using an instrumentation type OpAmp like TLC-271. Experiments were conducted with the help of same experimental setup shown in Figure 2(a) . The TLC271 provides extremely high input impedance of the order of TΩ and very low offset voltage [11] . The output voltage of the circuit was amplified by ten times as in case of Figure 3 . The experimental results with the variation of applied loads in the range of 0 gm to 1000 gm are shown in Figure 4 (red colour). The sensitivity of the active bridge circuit is 0.027%. It is almost 4 times of the conventional bridge circuit and the variation is linear.
Further, experiment has been conducted by placing two strain gauges both having positive resistance change under strain in the ratio arm AB and CB. Since the ratio arms are in differential form, it is expected that with the increase in strain, the output of the circuit should remain unchanged. Figure 5 shows the experimental results. It is obvious in the figure that as the strain is increased from its initial value, the output remains almost unchanged.
Effect of Ambient Temperature
To analyze the effect of the ambient temperature, the gauge in arm RQ has been placed inside a controlled temperature oven. The ratio arm PQ has fixed value metal film resistance. The resistance of the arm PQ has been set to be as the resistance of the gauge in arm RQ. Temperature of the oven was varied from 30˚C to 70˚C. The change in output voltage of the circuit at different ambient temperature is shown graphically in Figure 6 . It shows that the output voltage rises with increase in ambient temperature and the variation is almost linear. Further experiment was performed by replacing the arm RQ with another strain gauge and putting both the gauges inside the oven. Temperature of the oven was varied over the same range and the output voltage of the detection circuit was noted. Results indicate that the output change due to ambient temperature is significantly reduced. Small variation in the output can be attributed due to mismatch of the gauges. cuit is assumed to be constant then, the output of the signal processing circuit depends only on the change in resistance of the gauges which in-turn depends on the strain. However, the output also depends on the excitation voltage.
Effect of Lead Resistance
As discussed in section 2.2 the lead resistance R l between B and P of Figure 2(a) may introduce error when the sensors are located remotely. To analyze the effect of the lead resistance the circuit shown in Figure 2(b) has been modified and the modified form is shown in Figure 7 has been used. The resistance value of R l is the metal film resistance varied from 0 to 20 Ω. The output of the signal conditioning circuit for different values of R l is shown in Figure 8 . The results show that drifts in output voltage upto 20 Ω is almost negligible.
Effect of Input Excitation Voltage of the Bridge Circuit and Its Compensation
Following two different techniques is used to compensate effect due to variation of excitation voltage.
Normalization Technique
To observe the effect of excitation voltage variation, the excitation voltage is varied by ±15% of its reference value (1 V) at constant room temperature of 30˚C both at loading and unloading condition of the cantilever . Figure 9 shows the output of the signal processing circuit for the variation of the excitation at different strain condition. It is shown in the plot that with the variation of the input excitation voltage, the output is linearly varied. Also as loading is increasing, the output also increases linearly. Figure 10 shows the relationship between the strain sensitivity and input excitation voltage. The sensitivity of the active bridge circuit which increases almost linearly can be expressed by linear equation obtained from fitting the plot as of excitation will be minimized. Figure 11 shows the response of the signal processing circuit after normalization of the output voltage by the excitation voltage. For comparison, the actual output with excitation effect and the desired output without the effect of the excitation are also shown. Results show the error due to voltage fluctuation is reduced to 3% of original 18% value.
ANN Based Soft Compensator
To address the limitation of normalization technique, ANN based excitation voltage variation soft-compensation is proposed. Concept of ANN based inverse modelling has been utilized here [18] . The ANN based signal conditioning stage completely compensates the effect of excitation fluctuation and at the same times it gives estimated value of measurand as output. In this case, the output can be represented as a function of the applied strain (differential amplifier voltage) and the input excitation voltage V i . Therefore, inputs to the proposed NN (neural network) are excitation voltage V i and differential amplifier output V o as illustrated in Figure 12 .
Proposed network, for considered task, comprises two inputs, single output and one hidden layer. It has been found through simulation work that minimum number of hidden layer neurons required to achieve desired accuracy is 3. Network is implemented using MATLAB ANN toolbox. The Levenberg-Marquardt algorithm is used to train the ANN. This algorithm is termed as the fastest method for training moderate-sized feed forward neural networks (up to several hundred weights). It also has a very efficient MATLAB implementation.
For training 8 data points are used covering entire considered excitation voltage variation range and for testing 12 data points are used, which comprises training data set as well as unforeseen testing data points. Network is trained for three different values of strain: 0 gm, 400 gm, and 600 gm. Figure 13(a) shows the actual deviation of the sensor output with the variation of the excitation voltage Figure 13(c) .
From simulation results shown in Figure 13 , it is evident that effect of bridge excitation voltage variation is completely compensated. This ANN stage output is measurand itself that is free from effect of excitation voltage variation and nonlinearity. Therefore, The ANN based data conditioning stage makes measurement completely insensitive to bridge excitation voltage variation.
Conclusions
The work reported in this paper is aimed at the development of linear and sensitive active bridge circuit with sensitivity larger than the conventional bridge circuit. Since the bridge output gives almost two times more voltage output than conventional bridge. The proposed circuit is simple to operate and requires only few components for its hardware implementation. It is capable of measuring incremental resistance change of both metallic and metal oxide based resistive sensor where the resistive value change due to physical quantity or chemical analytes is very small.
The circuit has been studied to observe the effect of lead resistance change, error due to ambient temperature variation, and fluctuation of the bridge excitation voltage. The theory of the signal processing circuit is well supported by the experimental results. The effect of the ambient temperature was also found to be negligible. The effect of excitation voltage variation has been compensated effectively using ANN based softcompensator. The future work involves online implementation of the softcompensator for displaying the measurand directly.
